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SPEEDS OF AN UNSWEPT AND UNTAPERED NACA 65-009 AIRFOIL
MODEL OF ASPECT RATIO 3 WITH 1/4-CHORD PLATN
FLAP BY THE NACA WING-FLOW METHOD

By Harold I. Johnson
SUMMARY

A wing-flow investigation was made to determine the 1ift, pitching-
moment, and hinge-moment characteristics of an unswept ard untapered
NACA 65-009 airfoil model of aspect ratio 3.0l equipped with a l/h-chord
full-spen plain flap. The Mach number range was spproximately 0.65 to
1.10 and the corresponding Reynolds mumber range was approximately
0.5 X lO6 to 0.9 X 10°. The effects of sealing 69 percent of the length
of the l.l-percent-chord flep gap were investlgated as were the effects
on flaep characteristics of adding roughness to the first 5 percent of
the airfoil chord.

The maximum unstalled 1ift coefficient of the model was found to
be almost twice as great sbove M = 1.0 as it was below M = 0.90. A
compressibility phenomenon that espparently is peculiar to fairly thick
serodynamic surfaces was found to occur near M = 0.95 at small angles
of atbtack and flap deflections. This phenomenon wes made manifest by a
large reduction in lift-curve slope, an sbrupt forward movement of the
aerodynsmic center to a position near the leading edge, an abrupt reversal
to a strong positive variation of hinge-moment coefficient with angle of
attack, and a reduction of f£lap effectiveness to gpproximately zero for
small deflections. Below M = 0.90 the hinge moments due to deflection
with gap sealed were sbout equal to what would be predicted from thin-
airfoil theory and above M = 1.0 the hinge moments were approximately
what would be expected from the concepts of two-dimensional linear super-
sonic theory. The hinge-moment varistlions with angle of attack were
very nonlinear at subsonic speeds because of gap effects but were fairly
linear and strongly negative at supersonic speeds. The effects of sealing
the flap gap at subsonic speeds were to increase flap effectiveness,
reduce the hinge moments due to deflection, and mske more linear the
variations of hinge moment with angle of attack. At supersonic speeds
the aerodynamic characteristics were nearly the same with gap either

sealed or open.
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INTRODUCTION

A wing-flow investigetion was made to determine the 1ift, pitching-
moment, and hinge-moment charsascteristics of an unswept and untapered
NACA 65 009 alrfoil model of aspect ratio 3.0l equipped with a 1/%-chord
full-span plain flap. This investigation is closely related to those
reported in references 1 to 4 which dealt with an equivalent 35° sweptback
model on which full-span flaps having different kinds of serodynamic
balance were investigated at transonic speeds. - .

By present-day standards, a 9-percent-thick aserodynamic surface of
aspect ratio 3 would be considered excessively thick for most applica-
tions. Like most wing-flow or tunnel-bump experiments, the Reynolds

numbers were low in the present tests (less than 0.9 X 106); in spilte

of these limitations, the data are thought to be of apprecigble interest.
In particular, the variation of maximum 1ift with Mach number, the hinge-
moment measurements, and the effects of flap gep st transonic speeds may
be of speclal interest.

SYMBOLS

M average Mach number over model
q average Qynamic pressure over model
S total model area
Cr, model 1ift coefficient, M-i-de;_-l_iﬂ -

Q
c model chord
[ model mean serodynsmic chord . -
Cm model piltching-moment coefficient measured about axls at

39.5 percent mean aerodynamic chord, _ ) .
Model pltching moment about 0.395C '

qSc
Mp area moment of flap sbout hinge line . B
Cn model hinge-moment coefficient, —20Sk h;?ﬁ: moment
a
B NEIDENTTAT s,



NACA RM L53D2l SR> 3

g

-395¢

cm50.395r

engle of attack
flep deflection

variation of model 1ift coefficlent with angle of attack

aCL
per degree, <

varlation of model 1ift coefficient with flap deflection

aC
per degree, =L

33

variation of model pitching-moment coefficient gbout 0.395¢

Oy

with angle of attack per degree, (———)
% /o.395¢
variation of model pitching-moment cogfficient about 0.395¢
with flep deflection per degree, (—EE>
® /0.395¢

variation of flap hinge-moment coefficient with angle of

attack per degree, SEE

variation of flep hinge-moment coefficlent with f£lsp deflec-

o
tion per degree, ——
Fols)

acL/aa _

oC; [

flap relative effectiveness,

aspect ratio

included trailing-edge angle of flap, deg (@ = 6°)

APPARATUS AND TESTS

The semispan wing-flow model simulated a wing or tall surfeace of
aspect ratio 3.0l, taper ratio 1.0, and sweepback angle of 0°. The
model was machined from solid beryllium-copper to the contour of the
NACA 65-009 section and incorporated a 1/4-chord plain flsp mounted on

two hinges.

The model had a 0.040-inch-thick end plate with a diameter

T
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equal to the chord affixed to its root in order that proper semispan
testing conditions would be more nearly realized. A photograph of the
model wilith end plate attached 1ls given in figure 1, and a drawing,
including principal dimensions, is given in figure 2. The model (fig. 1)
had two flush removable plates between the hinges to provide for installa-
tion of a thin sheet-rubber gap seal. The length of gep sealed was

69 percent of the hinge-line length for the gep-sealed condition and,

for the gap-open condition, the gap width was 1.l percdent of the airfoil
chord. It should be noted that the gap was unusually large. The model
was mounted on a strain-gage balance located inside the wing of a North
American F-51D wing-flow airplane in such a way that the pilitching moments
were measured about an axils at 39.5 percent of the model mean aserodynemic
chord.

Measurements were made of the 1ift, pitching moment, and hinge
moment for an angle-of-sttack range from about -5° to 300, a flap-
deflection range of about -12° to 22°, and a Mach number range from
about 0.65 to 1.10. The measurements of maximum 1ift were limited to
M =1.05 for reasons to be discussed subsequently. The approximate
Reynolds numbers existing during the tests are shown as a function of
Mach number in figure 3. Some tests were made with a layer of 0.003- to
0.005-1inch Carborundum particles affixed to the first 5 percent chord on
both upper and lower surfaces of the model. These roughness tests were
made only for the case of variable flap angle with the model set for
o° angle of attack. No corrections were msde for the effects of sero-
elasticity idn view of the extreme ruggedness of the model and the rela-
tively low dynamlc pressures encountered at the test altitude range of
from approximately 30,000 feet to 18,000 feet. Further details concerning
instrumentation, test technique, and probable accuracies can be found in
references 1 to 4. : -

RESULTS AND DISCUSSION

Characteristics in Angle of Attack

The variations of 1ift, pitching-moment, and hinge-moment coefficients
with angle of attack at O° flap deflection are shown in figure 4 for
increments in Mach number of 0.05 over the speed range tested.

Perhsps the most striking feature shown by the 1ift measurements
(fig. 4(a)) is the extremely large increase in meximum 1ift coefficient
that occurred Just prior to the sttaimment of sonic velocity. The values
of Cp and of angle of attack, read either at the peaks in the 1lift

curves or slightly beyond the occurrence of an abrupt decrease in 1ift-
curve slope (in cases where no definite peak existed), are plotted
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against Mach number in figure 5. Comparison of these dats with those

of references 1 and 4 indicate that 35° sweptback models tested under
the same conditions gave higher maximum 1ift coefficients at Mach numbers
below 0.97 and lower meximum lift coefficients gbove this Mach number.
The low meximum 11ft coefflicients found in the subsonic speed range are
believed to be due largely to the low Reynolds numbers as well as to the
low aspect ratlo and relatively small leading-edge radius of the

65-009 airfoil section; however, it is unlikely that the large increase
in meximum 1ift with increasing Mach number would be eliminated by an
increase in Reynolds number. Above a Mach number of 1.05 1t became
impossible to measure meximm 1ift coefficients inasmuch as the pressures
set up by the wing-flow model caused the flow field sbout the right wing
of the wing-flow sirplasmne to change radically in an sbrupt masmner. When
this happened, the airplane wes subjJected to a rather violent rolling
oscilligtion which had a frequency exactly twice that of the forced
oscillations of the wing-flow model. Whenever the model reached either
high positive or negative angles of attack, the model 1lift trace showed
a sharp discontinuity and the alrplane accelerometer showed losses in
normal acceleration of sbout lg during a 4g pull-out which represented
losses in airplene 1ift of the order of 8,000 pounds. These losses in
1ift coincilded with the occurrence of right-wing heasviness; therefore,
the model constituted an extremely effective spoller at slrplane Mach
numbers approaching the meximum permissible (M = 0.75). This phenomenon
apparently establishes a limit on the ranges for which techniques such
as the wing-flow method can be used to Ilnvestigate maximum 1ift. The
phenomenon also reemphasizes the possible injurious effects of small
protuberances at transonic speeds.

The effect of the flap gap was to decrease the maximum 1ift coef-
ficient by = small amount over the entlre speed range. The effect of
the gap on the lift-curve slope was very smaell and inconsistent over
the speed range.

The only other 1ift characteristic requiring comment occurred over
a small angle-of-attack range at o X 0° at M = 0.95 where the 1ift-
curve slope suffered s decrease. Although not particularly significant
in itself, as will be shown later, this very minor change in 1lift was
accompanied by violent changes 1n hinge-moment characteristics and
aerodynamic-center location.

The pitching-moment curves (fig. 4(b)) require little comment. In
general, the model showed reasonably constant stability up to the initial
stall and at higher angles of attack became more stable. As evidenced
by the near-zero values of pitching-moment coefficient at extreme angles
of attack, the center of pressure at these angles of attack was in the
neighborhood of 40 percent mean aerodynamic chord or somewhst farther
back at Mach numbers above 0.85. Except for the sharp decrease in

et UL,
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stability at M = 0.95 near o = O° which will be discussed lgter,

the model became more stable at small angles of attack as the Mach number
was lncreased from subsonic to supersonic values. The latter trend is,
of course, to be expected. )

The hinge-moment measurements (fig. 4(c)) show several interesting
points. As mentioned previously, & violent change in hinge-moment char-
acteristics occurred in the neighborhood of M = 0.95 ‘at o = 0°. The
onset and disappearance of this change is documented in figure 6 which
shows the hinge-moment characteristics for small increments in Mach
number between 0.90 and 1.0. The reversal in hinge moment is seen to
be most severe between Mach numbers of 0.96 and 0.97.  Inasmuch as the
total 1ift on the model was only slightly affected, it may be concluded
that nearly all the sbrupt change in flow characteristics occurred near
the trailing edge of the model. Further support for this concluslon was
given by the pltching-moment and flaep-effectiveness measurements, respéc-
tively, which, as will be shown subsequently, indlcated that the aero-
dynamic center moved rapldly forward to a position near the leading edge
of the model and the flap effectiveness for .small deflections became
essentially zero at the same Mach numbers that the flap-floating tendency
reversed from with the wind to against the wind.

The flow phenomenon which caused all the foregolng undesirsble
characteristics appears to be the same as that found by several other
investigators (for example, refs. 5 and 6). GSthert (ref. 5) gives a
reasonable .explanation of .the phenomenon based on pressure-distribution
measurements and Hemenover and Grahsm (ref. 6) show schlieren photographs
of the flow that substantiate the remaining necessary assumptions made
by GOthert. The mechasnism of the flow phenomenon may be described briefly
as follows:

Conslder a symmetrical alrfoll at zero angle of attack having =
1/4-chord flap st O° deflection in a stream of, say, Mach number = 0.95.
This airfoll, 1f of conventionel shape, will have a compression shock
on the upper surface and one also on the lower surface at the same chord-
wise station which probaebly will be close to the hinge line. The pres-
sure on both surfaces will suddenly become higher in going from shead of,
to behind the shock waves, and, if the airfoll is sufficiently thick,
there will be partial flow separation starting from the base of the shock
waves. Consilder now a small positive lncrease in angle of attack with
the flap held at 0° deflection. On the bottom surface the shock wave will
move back and tend to become weaker and the partial separation may be
reduced. On the upper surface, however, the shock wave will move forward
and become slightly stronger and, becguse of the extremely critical state
of the flow equilibrium, the partial separation may be increased to a
more extensive flow separation accompanied by a somewhat larger increase
in pressure through the upper-surface shock wave. The forward and rear-
ward movements of the shock waves on the upper and lower surfaces,
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respectively, together with the differences in pressure rise through the
shock waves on the two surfaces, leads to a higher net pressure on the
flap upper surface than on the flap lower surface; this asccounts for the
tendency of the flap to float egainst the relative wind, accounts for
the decrease in lift-curve slope, and also accounts for the large for-
ward movement of the serodynamic center. Turn now to the case of flap
deflection at O° angle of attack. Assume the flap is given a slight
positive deflection. Again, the partial separation on the lower surface
tends to be relieved. In thls case, however, the gbrupt turn in flow of
the stream (which is locally supersonic for some distance ahead of the
shock wave) produced by the deflected flap causes the pressure to increase
on the lower surface of the flap according to expectation. This change -
is in the correct direction to produce positive flap effectiveness. On
the upper surface, however, the separation again increases, the pressure
rise through the shock wave again increases, and the flow apparently does
not expand around the corner produced by the deflected flap. In the
present case these pressure changes resulted in approximately zero change
in net 1ift on the airfoll and therefore the flap effectiveness became
essentlally zero for small deflections. These separation effects are
obviously highly nonlinear becasuse neither the large positive floating
tendency nor the zero flap effectiveness extends over very large ranges
of angle of attack or flap deflection, respectively. As the Mach number
incresses to 1.0, the campression shocks on the airfoil move back to the
trailing edge so that shock-induced separation can no longer occur,

Inasmuch as the foregolng phenomenon is gssoclated with boundary-
layer-flow separstion, the magnitude and exact details of the aerodynamic
force changes would be expected to depend strongly on Reynolds number.
Experience with the Bell X-1 research sirplane (ref. 7) seems to indicate
that the basic phenomenon occurs also at full scale, at least on the
horizontal teil of this alrplane. GOthert predicted that the flow break-
down would occur at higher stream Mach numbers for s horizontal taeil on
an airplane because of the slowing up of the stream caused by the passage
of the wing through the air in front of the tail. The data for the
X-1 airplane (ref. 7) tend to bear out this prediction. In general, the
transonic-flow breskdown under discussion is believed to occur only on
alrfoll surfaces of fairly large thickness ratio and, probaebly, of rela-
tively low sweepback inasmuch as no evidence was found of its existence
in the Investigation of thinner unswept wings in references 8 and 9 nor
in the several investigations of T7.4-percent-thick 35° sweptback models
reported in references 1 to 4. In this connection it should be remembered
that on wings of large sweepback the spanwise-flow effects are very
important end that these effects may change the nature of the transonic-
flow breakdown entirely.

Returning now to figure 4(c), it msy be noted that the hinge-moment
variations with angle of attack at subsonic speeds were affected greatly
by the presence of the flap gap at small angles of attack. Opening the

R T
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gap caused the hinge-moment varlastions to become erratic and highly non-
linear at small angles of attack. At supersonic speeds, however, there
was no measuresble effect of the large gap on the hinge-moment variations.
The negative flap floating tendency (evidenced by the slopes of the .
curves) was much stronger at supersonic speeds than at subsonic speeds in
accordance with expectation; also, the negative floating tendency above

M= 1.0 was greater for this unswept model than for the 35° sweptback

models of references 1 to k.

Characteristics in Flap Deflection

The variations in 1ift, pltching-moment, snd hinge-moment coeffi-
cients with flap deflection are shown in figure 7 for increments in Mach
number of 0.05 over the range tested. ..

The variations of 1ift with flap deflection (fig. 7(a)) were reason-
ably linear over the deflection range tested except at M = 0.95 vwhere
the flap was practically ineffective for small deflections at o X 0°;
at an angle of attack of 5°, the ineffective deflectlon range appeared
at 8 x -5°. The reasons for the existence of these characteristics have
already been discussed., At subsonic speeds, the addition of roughness
caused a slight decrease in flap effectlveness, probably because of an
increase in boundary-layer thickness, and the removel of the gep seal
caused an appreclable loss in effectiveness,; probably because of the
tendency for pressure equalization to ocecur across the gap. Above
M = 1.0, neither roughness nor leskage through the gap had very much .
effect on flap 1ift effectiveness.

Although leskage through the gap casused an appreciable decrease in
flap 1ift effectiveness at subsonic speeds, the data of figure 7(b)
indicate that the pitching-moment-producing gbllity of the flap was
slightly increased. These results are explainable on The grounds that
flow through the flap gap causes the center of pressure of the flap 1lift
to move rearward appreciably. Another interesting point is that the
pitching-moment variation with flap deflection did not go to zero for
small flap deflections at M = 0.95 even though the 1lift varistion did
go to zero in the gap-sealed condition. This point is largely of academic
interest in comnection with horizontal-tail effectiveness, however, inas-
much as the lmportant change in trimming moment from a horizontsl tail
arises from its direct 1ift change rather than from any small change in
pitching moment about the tail aserodynamic center due to elevator move-
ment; the latter effect is of'ten disregarded in static stability analyses.

The hinge moments due to deflection (fig. 7(c)) were slweys great
and, for the gap-sealed configuration, were generally of the magnitude .
expected for an unbalanced flap at either subsonlc or supersonic speeds. .
At M = 0.95 where the flap effectiveness was essentislly zero for smsll
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deflections, the hinge moments showed some decrease but, as in the case

of pitching moments, did not reduce to zero. Over large deflection ranges,
the open-gep configuration generally had the greatest hinge moments and
the gap-sealed-plus-roughness configuration hed the least hinge moments.
Here, again, the effect of leakage through the gep is indicated to be a
rearward movement of the flsp center of pressure which is apparently more
importent than the 1ift decrease due to gap leskage insofar as the hinge
moments are concerned.

Aerodynamic Paremeters at & = O° and & = O°

Aerodynamic parameters measured at 0° angle of attack and O° flap
deflection (instantaneous slopes) are presented in figure 8. Figure 8(a)
shows the airfoil and flap absolute 1lift effectiveness; figure 8(b) shows
the flep relative effectiveness; figure 8(c) shows the airfoil and flap
pitching-moment parameters related to the axis about which pitching
moments were measured; figure 8(d) shows the positions of the center of
pressure due to angle of attack (serodynemic center) and that due to
flap deflection (c.p. due to &), and figure 8(e) shows the hinge-moment
parsmeters with respect to angle of attack and flep deflection. In fig-
ure 8(a) the subsonic lift-curve slopes are compared with the theory of
reference 10.

A word of cautlon is believed necessary in regard to figure 8. These
data strickly apply only st very small angles of sttack and flap deflec-
tions. An airplane designed for supersonlic speeds might traverse the
transonic speed range at angles of attack large enough and, possibly, with
elevator deflections such that the extreme changes in serodynamic parsm-
eters shown by figure 8 for Mach numbers between 0.90 and 1.00 would be
avolded because, as noted previously, these changes occurred only at low
angles of attack and for small ranges of flap deflection. Above M = 1.0
and below M = 0.90 the parameters shown are reasonably representative
of charscteristics over fairly large ranges of angle of atbtack or flap
deflection except for the hinge-moment variations with angle of attack
below M = 0.90 which, as pointed out previously, were highly nonlinear
because of gap effects.

In figure 8(a), good agreement is shown between measured and calcu-
lated subsonic lift-curve slopes in splte of the low Reynolds numbers.
Also, it was found that if the flap absolute effectiveness Crg at the
lowest test speeds is corrected by linear extrapolatlon to the case for
the gap completely sealed (conditions shown in fig. 8(a) were O and
69 percent of hinge-line length sealed), very good agreement is also
obtained between measured flap effectiveness and predicted three-
dimensional flap effectiveness based on incompressible thin-airfoil
theory (CLB = 0.0327). In figure 8(b) it may be noted that at M > 1.0

the flep relative effectiveness is agéroximately 0.22. As 1s well known,
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the two-dimensional linear-supersonic-theory value of /38 for a
l/h—chord flep is 0.25. In figure 8(d) it is seen that the center of
pressure due to flap deflection at subsonic speeds is considerably
farther rearward with gep open than with the gap partially sealed; this
fact has been discussed previously. At M > 1.0 the center of pressure
due to flap deflection is in close proximity to 87.5 percent of the
chord which is the location predicted for a l/h-chord £lap by the two-
dimensional linear supersonic theory which neglects aspect ratio and
viscosity effects. As is well known, the two-dimensionsl linear super-
sonic theory predicts a uniform pressure distribution over the flsp and
no change in pressures ashead of the flap hinge line due to flap deflec-
tion. For such a pressure distribution, 1t can easily be shown that
Chg = -2Cg for a 1/h-chord flap. Reference to figures 8(a) and 8(e)

shows that, in the present tests of the model with esmooth surface at
M> 1.0, CL5 was spproximately equal to 0.013 and 'Ch5 was approxi-

mately equal to -0.027 so that the relation ch& = -ECL5 was almost

exactly satisfied. Therefore, it is implied by the present tests that

the pressure distribution on the flap due to flap deflection became
essentially uniform soon after & Mach number of 1.0 was exceeded. Finally,
figure 8(d) shows that the rearward transonic aerodynamic-center shift
wag, neglecting the abrupt forward movement at smsll angles of attack
between M = 0.9 and 1.0, about 16 percent of the mean aerodynamic chord.
This velue 1s gbout the same as that found from the tests reported in
references 1 to 4 of 35° sweptback models of the same aspect ratlo and
taper ratio.

CONCLUSIONS

Wing-flow tests at Mach numbers between 0.65 and 1.10 of an unswept
and untapered NACA 65-009 airfoll model of aspect ratio 3.01 having a
l/k-chord full-span plain flap indicated the following conclusions:

1. The meximum unstalled 1lift coefficient was almost twlce as great
gbove M =1.0 as it was below M = 0.90.

2. A compressibllity phenomenon apparently peculiar to fairly thick
aerodynamic surfaces was found in the region of M = 0.95 for small
angles of attack and flap deflections. Evidences of this phenomenon
were a large reduction in lift-curve slope, an sbrupt forward movement
of the serodynemic center to a position near the leading edge, an abrupt
reversal to a strong positive variation of hinge-moment coefficient with
angle of attack, and a reduction of flap effectiveness to essentially
zero for small flap deflections.

=
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3. The hinge-moment variation with flap deflection with gap sealed
had large negative values of about the magnitude predicted by thin-
alrfoil theory at speeds below M = 0.90 and of about the magnitude
expected from the concepts of two-dimensional linear supersonic theory
at Mach numbers gbove 1.0. The hinge-moment varistions with angle of
attack were very nonlinear at subsonic speeds because of gap effects
but were fairly linear and had large negative values at M > 1.0.

. The effects of seallng 69 percent of the length of the 1.l-percent-
chord flap gap were to increase the flap lift effectiveness apprecisebly,
to move the center of pressure due to flap deflection forward appreciably
(with a consequent reduction in hinge moment due to deflection), and to
increase the linearity of the hinge-moment variatlions with angle of
attack, at speeds below M = 0.90; at supersonic speeds, sealing the flap
gep had little effect on any of the measured aerodynamic parameters.
Sealing the gap increased the maximum 1ift coefficient slightly at all

speeds.

5. The addition of roughness to the first 5 percent of the alrfoil
chord on both upper and lower surfaces generally reduced slightly both
the flap effectiveness and hinge moments due to deflection.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va.
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Figure 1l.- Photogreph of unswept NACA 65-009 wing-flow model with l/h-chord
full-span plain f£lap.
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